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1 Introduction

Turbulence generated by hydrodynamic instabilities is important in high-energy-
density physics [1]. Examples in astrophysics include turbulent mixing processes
during stellar core-collapse, where shock waves accelerate multiple perturbed gas
interfaces. Thermonuclear fuel compression in inertial confinement fusion is sus-
ceptible to shock-induced instabilities affecting the efficiency of target implosions
and neutron yields [2]. Related applications include shock tube and high-energy
laser experiments. Richtmyer—Meshkov instability is an important mechanism for
the production of shock-induced turbulent mixing in these applications—the impul-
sive acceleration of a perturbed interface initially separating fluids with different
densities results in the growth of perturbations and mixing. The interaction of the
shock wave with the first fluid accelerates the interface and amplifieds distortions
on both the interface and shock [3, 4]. These perturbations result in the penetra-
tion of bubbles of light fluid into the heavy fluid and penetration of spikes of heavy
fluid into the light fluid [5]. At sufficiently large Reynolds numbers, turbulent mix-
ing occurs within the layer generated by this interpenetration. Reshock, in which
the mixing layer is subjected to additional shock—interface interactions rather than
a single interaction [6], also occurs in many applications. Reshocked Richtmyer—
Meshkov instability is important to better understand and model accurately, as it is
a central mechanism for turbulent mixing in diverse applications [7]. The further
development and assessment of turbulence models validated against experimental
and numerical simulation data are important areas of contemporary hydrodynamics
and turbulence research.
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2 Governing Equations and Initial Conditions

Unlike previous work [8, 9, 10] considering the Reynolds-averaged Euler equa-
tions, the present study uses the multicomponent Reynolds-averaged Navier—Stokes
(RANS) equations coupled to a two-equation K—¢ turbulence model accounting for
heat conduction, viscous effects, and enthalpy diffusion [11, 12] to describe the
transport of mean density p, velocity v;, total energy e, and heavy gas mass fraction
my. The mean and turbulent transport equations are
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where overbars and tildes denote Reynolds and Favre averaged fields, respectively.
The mean total energy includes the mean kinetic, mean internal, and turbulent ki-

netic energies, ¢ = % + U + K. The molecular transport and thermodynamic coeffi-
cients are the mean dynamic viscosity [, mass diffusivity D, thermal conductivity &,
and enthalpy diffusion H ;. The closures for the Reynolds stress and averaged fluctu-
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respectively, where the turbulent viscosity is v, = A;)’ =t

£
Defining the initial seed Ky, Atwood number At = (p; — p2)/(p1 + p2), post-
reshock velocity v, and Richtmyer growth rate @ = (27/A,5) |At| Av with pertur-
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bation wavelength A,,,; and shock-induced change in velocity Av, the initial tur-
bulent kinetic energy and dissipation rate are K(x,0) = Ko (At vo)* and £(x,0) =
K(x,0) o, respectively. Using the heavy gas mole fraction [13] to define the spike
and bubble locations A4(r) and hy(t) with 2%-98% mole fraction limits [11], the
mixing layer width is A(¢) = hy(t) — hy(¢). The RANS equations are solved using a
third-order finite-difference weighted essentially nonoscillatory code [11, 12].

3 RANS Modeling of Reshocked Richtmyer-Meshkov
Experiments and Large-Eddy Simulations

Previous RANS modeling of reshocked Richtmyer—Meshkov instability and mix-
ing [11] considered experiments with 1.24 < Ma; < 1.98 and Atwood numbers
At = £0.67 [3, 4]. In addition to comparing the predicted mixing layer width to ex-
perimental data, the model sensitivity to variations in the principal coefficients and
initial conditions, and convergence under grid refinement were also investigated.
A coefficient set that provided overall good predictions of pre- and post-reshock
widths was established. The model was subsequently applied to investigate the mix-
ing layer widths when the time of reshock was adjusted experimentally [14] by
changing the test section length 6 = 8, 9.8, 13.1, 17.2, 19.9, and 23.5 cm. Figure
1 illustrates results for the six cases comparing model predictions with experimen-
tal data. The table compares post-reshock growth rates, and reshock times are also
included, demonstrating the delay in compression of the interface by increasing &.
The mean experimental and RANS growth rates are 2.4 x 10° and 2.5 x 103 cm/s,
respectively.

Reshocked Richtmyer—Meshkov instability with different Atwood numbers (both
positive and negative) is also of interest. Relatively little experimental work has
been conducted for cases aside from Ar = £0.67. Therefore, the present RANS
model is further extended to model a set of six different cases with Ar = £0.21,
40.67, and £0.87 corresponding to combinations of air with CO,, SF¢, and Hp,
respectively, and for which LES data are available [15]. Constant Ma; = 1.50 and
0 = 62 cm were used for the six cases. The Ma; = 1.50, Ar = 0.67 case is very
similar to that investigated experimentally [3], for which model predictions agreeing
well with measurements were achieved [11]. Thus, the same initial conditions and
model coefficients were used in the present simulations.

Figure 2 shows mixing layer widths for At = +0.21, £0.67, and +0.87. Initial
positive Atwood number configurations generally result in a reflected expansion
wave after reshock that interacts with the interface [15], while reverse configura-
tions typically result in a second reshock. Thus, times for reshock 7,, arrival of the
expansion wave T,, and second reshock 7,, are given in addition to the growth rates
h following reshock. The turbulent mixing widths generally evolve differently, es-
pecially after reshock, due to differences in the gas densities. For Az =0.21 and 0.67
(air is the light gas in both cases), the early-time width shows a weak dependence
on At. However, a significant difference in reshock times is observed as more time
is required for the shock to reflect from the endwall and reshock the layer. A larger
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b [em| 8 98 131 172 199 235

h (experiment)|cm/s|2.4 x 10> 2.5 x 103 2.2 x 10% 2.8 x 10° 2.4 x 10 2.1 x 103
i (RANS) [cm/s|2.3 x10% 2.8 x 10° 1.8 x 10° 2.8 x 10% 2.6 x 10° 2.6 x 103
T ms | 0.74 0.87 1.16 1.52 1.78 2.10

Fig. 1 Mixing layer widths, growth rates / shortly after reshock, and reshock times 7, for § = 8,
9.8,13.1,17.2,19.9, 23.5 cm with Ma, = 1.20, At = 0.67, Ky = 0.10, A,,,s = 0.25 cm, 0, = 0.20,
and Cgp = 0.95. The experimental data are from Ref. [14].

width is observed post-reshock for At = 0.67 due to a denser gas reshocking the
interface. Reshock occurs earliest and mixing occurs at a higher rate after reshock
for At = 0.87. Similar behavior is observed for the Ar < O cases. Although all of
the gases in the driver section are different, similarities in initial mixing can be seen
between At = —0.87 and —0.21. The turbulent mixing layer widths also grow more
rapidly as compared to the A > 0 cases.

4 Conclusions

A multicomponent RANS model coupled to a two-equation K—¢ turbulence model
was used to investigate reshocked Richtmyer—-Meshkov instability for different
reshock times by changing the test section length 8, as well as for different posi-
tive and negative Atwood numbers. The RANS model predictions were compared
with experimental measurements [14] for the cases with different reshock times and
with LES data [15] for the cases with different Atwood numbers. Decreasing & re-
sulted in earlier reshock times, while the post-reshock mixing layer growth rates
changed relatively little, as observed in the experiments. The average experimental
and RANS growth rates are 4 = 2.4 x 10° and /4 = 2.5 x 10° cm/s, respectively.
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A (LES) |em/s]0.8 x 103 5.0 x 10° 17.0x 10° 0.9 x 10° 3.0 x 10> 8.5 x 103
h (RANS)|cm/s|3.0 x 103 3.6 x 10> 8.0x 103 5.1 x 10 6.6 x 103 31.9 x 10°

T ms | 2.18 3.487 1.354 1.939 2.321 0.689
T,0r Tp | ms | 3.178 4.255 1.925 2.927 3.782 1.15

Fig. 2 Mixing layer widths, growth rates / shortly after reshock, and reshock times 7, for At =
+0.21, £0.67, and 0.87 with Ma, = 1.50, § = 62 cm, Ky = 0.10, A,y = 0.25 cm, 0, = 0.90,
and C¢o = 0.90. The LES data are from Ref. [15].
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Larger growth rates also resulted from larger A¢ values due to differences in the
gas densities, while the post-reshock mixing layer widths for the At < 0 cases were
larger than in the corresponding At > 0 cases.
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